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NATIONAYL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

- EXPERIMENTAL INVESTIGATION OF A CONSERVATIVELY DESIGNED
TURBINE AT FCUR ROTOR-BLADE SOLIDITIES

By Jack A. Heller, Rose L. Whitney, and
. Richard E. Cavicchi

SUMMARY

In order .to determine limiting velues of the aserodynamic parameters
used in turbine design, a study of several turbine designs suitsble for
application in current aircreft power plants is being made. As a first
phase in this program, the performance of a single-stage turbine of
conservative design wes studled for the purpose of establishing a basis
for the comparison of turbine performance of less conservative designs.
This turbine was investigated gt four rotor-blade solidities renging
from 0.85 to 2.27 1n order to determine the effect of solidity upon
turbine performsnce.

The variation in solidity was sccomplished by changing the number
of blades in each rotor and simultaneously orienting the stator blades
80 as to maintain values of the serodynemic parameters nearly constant.
Rotors having 64, 44, 32, and 24 blades were used. The same 40-blade
stator was used with 21l four rotors.

The 44-blade-rotor turbine yielded the best efficiency over most of
the renge of investigation. The value of the maximum breke internal
efficiency for the 44-blade-rotor turbine was 0.895. The efficiency at
the design point was 0.88. Over most of the range of solidities investi-
gated, the curve of maximum breke internal efficiency was relatively
flat. A value of solidity of sgpproximstely 1.5 was found to be optimum
for this turbine; this corresponds to a value of approximately 0.75 for
the coefficient of serodynamic loading. Varilation in the value of the
coefficient of serodynamlic loading from 0.55 to 1.00 resulted in less
than g 0.0l drop from the maximum efficiency obtainsble experimentally.

INTRODUCTION
The design of gas turbines for aircraft power plants includes & con-

sideration of certain aserodynamic parasmeters, such as rotor-inlet rela-
tive Mach number, alr turning angle, and degree of reaction. The values
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of these parameters should be such as to obtain the design efficiency at
the required work ocutput. In the design of conservative turbines, the
values of rotor-inlet relative Mach number and turning angle encountered
are low end the reaction is generslly high. This case offers little
difficulty in obtaining good values of efficlency for the required work
output. For less conservative turbines designed for high work output;
high values of rotor-inlet relative Masch number snd turning angle are
necesggary together with low, or even negative, velues of reaction. In
this case, difficulty arises 1in obtaining good efficlency for the
required work output. It is antlcipasted that these parameters have

certain 1imiting values beyond which turbine efficiency falls off rapidly.

An additionel psrameter to be considered 1n the design of turbines
is blade spacing or solidity (ratio of axisl chord to blade spacing).
The problem of the selection of this paremeter arises in the design of
conservative turbines as well as in the design of high-work-output
turbines.

As the number of rotor blades is reduced, the loadling of each blade
increases. If the rotor solidity is too greatly reduced, the negative
pressure gradient on the suction surface in the region of the trailling
edge will become sufficiently large so that separation of flow from the
surface will occur esnd large losses result. If the blades are more
closely spaced than necessary, that is, the rotor has excessively high.
solidity, the boundary-lsyer friction losses will be unnecessarily large
because of the incregsed flow surface aresg.

As pert of a program to determine 1limiting vslues of the parameters
used in the aserodynamic design, the NACA Lewis laboratory is studying
several turbine designs suitable for spplicatlon in current aircraft
power plants. This report presents the-performasnce of a single-stage
turbine which is conservative in design, having low rotor-inlet relative
Mach numbers, low turning angles, and hlgh reaction at the rotor root
section. The hub-tip radius ratio is 0.60 and the design tangential
veloclty at the rotor exit is zero, thus making the design suitable for
the last stege of a multistege alrcraft gas turbine. This conservative
turbine design was investigated first in order to establish a basis for
comparing the performaences of—less conservative designa. An evaluation
can then be made of the effects of higher Mach numbers relstlve to the
rotating blades, zero or negative reaction, and higher turning on
turbine performance.
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In gddition, this turbine was investigated at four rotor-blade
solidities ranging fram 0.85 to 2.27 in order to determine the effect of
solidity upon turblne performance. The over-all performance of each
rotor configurstion with the same stator wes determined in a l4-inch
cold-ailr turbine. The experlmental results of this solidity investigation
were compared with wvalues of optimum solidity calculsted by empirical
methods presented in references 1 to 3.

SYMBOLS

The following symbols are used in this report:

A area (sq ft)
2

8., critical velocity of sound, \/(—TIJ_) gRT' (ft/sec)
a diameter (ft)
E turbine shaft work (Btu/1ib)

We2 - W2
F reaction factor, —_—

w2

g = acceleration due to gravity (ft/secz)
h specific enthalpy (Btu/lb)
0 exit throat opening (ft)

absolute pressure (1b/sg £t)

R gas constant (£t-1b/(1b) (°R))

T radius (ft)

5 blade pitch (£t)

T temperature (°R)

U blade velocity (£t/sec)

v absolute velocity of gas (ft/sec)
W relative velocity of gas (ft/sec)

welght-flow rate of gas (1b/sec)

=
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o angle of absolute velocity, measured from tangential direction
{deg)

B angle of relative veloclty, measured from tangential ‘direction
(deg)

T retio of specific heagts

FaY prefix to indicate change

pressure reduction ratio, p/p,

Nad adiabatic efficiency

Mg brake internal efficiency

e temperature reduction ratio, T/T,

o solidlity, ratio of axial chord to blade spacing

v coefficient of aerodynamic loading

Subscripts:

des design

h hub

m mean radius

max maximum

8 isentropic

T tip

u tangential .. . o e S

x axial

0 NACA sea-level wir

é,z measuring stations (fig. 3)

o4

2497
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Superscripts:
! stagnation state

relative stagnetion state

TURBINE DESIGHN
General Specificetions

The following assligned conditions and assumptions were initlally
specified at the design point of the turbine:

WA/G
l,l'b/sec..............16.60

Equivalent weight flow,

81

Py
Over-all stagnation pressure ratio, DaT ottt eeemees 1.751

3

Up, .
Equivalent mean blade speed, 5 ft/sec e e e s s s = s s e a s 625
61
Th
Turbine hub-tip ratio, EE- et & e s ¢ s a 8 s e s = s s s = o & 0.680
Turbine outer diameter, dm, £t. =« « « o + o ¢« o ¢ v 000000 1.167
v
Tangential component of rotor exit velocity, (EE—)S R o
cTr

(1) Free vortex flow exists at the exit of both the stator and
rotor.

(2) Simple radisl equilibrium exists at the exit of both the stator
and rotor.

(3) The stagnestion pressure and stagnstion tempersture are uniform
over the blade height at the inlet and exit of both the stator
and rotor.

(4) Expansion in the turbine is adisbatic.

(5) The flow at the stator entrance is uniform.

(6) Turbine adisbatic efficlency is 0.88.

P H
(7) The stator stagnation pressure ratio, 527, is 1.019.
2
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The design equivalent work output Ah'/el for the turbine is 16.14

Btu per pound. The zero tangential component of gbsolute velocity at the
rotor exit, the low hub-tip radius ratio (0.60), and the relatively
small turning angles (51.0° at the mean section) are all typilcal of the
last stage of a multistage alrcraft turbine.

Solidity Conslderations

In order to isolate the effects of varying the rotor-blade solidity
of a turbine, it would be necessary to adjust the profile design so as
to maintain constant values of the aerodynamic paremeters. This could
be accomplished by using e single stator and by designing different
rotor profiles for each solidity. 1In the present investigstion, a less
time-consuming approximstion to this method was emplcoyed. The same
stator and rotor blades were used for all four so6lidities investigated.
In order to maihtaln values of the aerodynemic parameters as nearly
constant as possible, the orientetion of the stator blades was changed
while that of the rotor blades remained fixed for each of the rotor
solidities investigated. The orlentastion was determined by maintaining
a fixed ratlo of the stator throat area to the rotar throat ares,
assuning the throat openings at the mean section to be the average throat
openings over the blade heilght.

The profile design was originally made for a 40-blade stator and
a 44-blede rotor. The resultlng area ratio of this design was 0.80, and
the stator was adjusted to msintain thils value for the other configura-
tions.

The use of this method actually results in slightly different design
welght flows, work outputs, end wvelocity dlegrams for each of the configu-
rations. In the determination of the velocity diagrems for the 64-, 32~,
and 24-blade-rotor configuretions, the rotor-exit sir angle ES:5 and the

stator-exit air angle a5 at the mean sections were assumed equal to
sinfl'(ég. The design. equivalent blade speed, the turbine efficiency,
and the rotor-exit tangential component- of the velocity at the mean
sections were all msintained at the same values used in the 44-blade-
rotor design. The resulting design equivalent weight flows, stagnation
pressure ratlos, and work outputs ere listed in the following table:

Number |w /67 |pq' Ah'
of = |°
)
blades 1 1
64 15.61 |1.79 | 16.68
32 17.37 |1.78 {16.51
24 18.30 |1.78 | 16.686

2497
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Table I gives the velocity diagram for the 44-blade-rotor design at
the hub, mean, and tip sections, together with the mean-section diagrams
for the 64-, 32~, and 24-blade-rotor configurastions. It can be seen
from the table that malntaining a constant ratio of the stator mean
throat ares to the rotor mean throat area gives only slightly different
values of velocity disgram components, turning, and root reaction factor.
The differences in the rotor-inlet relative veloclties are of negligible
effect because of the low relstive Mach numbers involved. For the 64-,
32-, and 24-blede-rotor configurations at the hub and tip, values of

sin™t (-g-) differ by less than 1.5° from velues of exit air angle cealcu-
lated by using the assumption of free vortex flow.

Stator Blade Profiles

The stator blade profile at each of five radisl stations was designed
by using an involute of a circle faired into & straight line for the
suction surface. The pressure surface waes calculated from the one-
dimensional flow equation for compressible nonviscous f£luids so that the
mean velocity would incresse through the length of the channel.

The stator blade for the 44-blade-rotor configurstion was set so
that sin'l'<§> was equal to the design air angle. Profiles of the hub,

mean, and tip stator-blade sections are presented in figure 1(a) together
with a table of coordinates. The angle settings shown in this figure
epply to the 44-blade-rotor configursation.

Forty blades were individually mounted in the outer turbine casing
in s manner that permitted the stator-exit angle to be varied so as to
maintain the constant ratioc of stator-to-rotor mean-throat area of 0.80.
The blasdes were 2.80 inches in span and had an axisl chord of .25 inches.

Rotor Blade Profiles

The method used in the profile design of the rotor blades was simi-
lar to that used for the stator blades. The rotor blade was set so that

gin~t (g) was equal to the design air angle. For the 44-blade-rotor

design, 6C positive incidence was assigned at the meen section of the -
rotor. Because the stator-blade-exit angles were varied for the remaining
three configurstions and the rotor-blade entrance angle was set at g fixed
value, the design incidence angles for these other configurations were

all different. The angles of incidence at the mean sections of the rotor
entrance were +9.5%, +7.8°, and +8.5° for the 64-, 32-, and 24-blade
rotors, respectively. The design angles of incidence at the hub, mean,
and tip sections of the four configurations are less than the stalling
incidence predicted from cascade investigations reported in refer-

ence 3, with the exception of the hub section of the 64-blade rotor
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where the deslgn angle of incldence of 13.1° is close to the stalling
incidence predicted in reference 3. It is probable that spplication of
the two-dimensional cascade data to the three-dimensionsl flow in a tur-
bine gives conservative resulis. Therefore, it was considered theat no
apprecisble incresse in loss would be caused directly by the rather high
incidence angle at the hub of the 64-blade-rotor canfiguration. Profiles
of the hub, mean, and tip rotor-blade sectiomns, which apply to all four
configurations, are presented in Ffigure 1(b), together with a table of
coordinates. S :

The blade span was 2.775 inches and the axlal chord was 1.25 inches.
The radiel tip cleerance was 0.025 inchj; the axlal clearance between the
trailing edge of the stator and the leading edge of the rotor was
0.50 inch.

APPARATUS AND PROCEDURE

Dry air at a tempersture of spproximstely 80° F and a pressure of
sbout 25 pounds per sduare inch gbsolute was first passed through a
filter tank to remove any foreign material present and then ducted to
the turbine plemum chamber. At the turbine inlet, survey measurements
indicated condltions of uniform flow. After paesing through the turbine,
the alr was removed by the laboratory low-pressure exhaust system. The
power output of the turbine was absorbed by an electric dynamometer that
was cradle mounted for torque measurement. A photograsph of the turbine
installation with the top half of the caesing removed is shown in

figure 2.

Instrumentation

A schemetic cross section of the turbine 1nstallation showing meas-
uring stetions is presented in figure 3. Inlet conditions at station 1
were determined by three stagnation pressure probes and three stagnation
thermocouples. The static pressure at the rotor exit was measured with
16 wall taps, all located 1 inch downstream of the rotor in a plane
perpendicular to the axls of the turbine. Four of these taps were In the
outer casing wall and 12 were equally spaced circumferentially on the
inner shroud at station 3. The exit stagnation tempersture was measured
by four stagnation thermocouples located in the 18-inch-dlameter exhaust
duct at station 4. The stagnation temperature was measured at station 4
rather then at station 3 in order to obtain measurements in a region
where no radisl variations of stegnation temperature existed. Heat-
transfer calculations show a negligible amount of heat transfer between
stations 3 and 4.

Torque was measured with s commercial springless dynamometer scale.

Alr flow was measured with a submerged 131.75-inch~diameter flat-plate
orifice ingtalled 1n a 24-inch duct in conformance with the specifications

L6%Z
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in reference 4. Turbine speed was measured by an electric chronometric
tachometer.

The same instruments were used throughout the entire investigation
and were read with the following accuracy:

Absolute presgure, In. HE .+ « « ¢ ¢« ¢« ¢ o =« « o« s o s s o o« o« .02
Tmperatlu‘e’ % . L] . . L . . L . . L - . . L] . . L] L L] L] L] L) . iols
Orifice pressure drop, in. H;O s e 4 s e s s e s e s e s e s o +0.20
TOrq_uE, ft"'lb . . - . . . . . . . . . . - . . . . . . . . L] - . _-_I:O.30
Rotative speed, TPM . ¢ « ¢ ¢« ¢ o« o « o o o a s o« o« ¢ ¢ s s o« s +10

The probeble error 1ln reproducing the brake internsl efficiency was
less than 0.01.

Procedure and Performance Calculstions _

Over-all performance data were taken at nominal values of stagnation
pressure ratio Pl'/PS' from 1.20 to the meximum obtaineble, while the

wheel speed was varied from 0.60 to 1.10 of equivalent design speed in
0.05 intervals (7800 to 14,400 rpm based on an inlet temperature of
5400 R) .

The brake internal efficiency, which is based on expansion between
the entrance snd exlit stagnation pressures, was used to express turbine
E

performance. It 1s defined as 1 = o - ) where E 1s the
s

measured turbine shaft work. The ideal enthalpy drop (hl' - hs')s was

computed from the values of entrance and exit stagnation pressure and
entrance stagnation tempergture. The exit stegnation pressure was com-
puted by adding to the measured stetic pressure a dynsmic pressure cor-
responding to the axial component of the exit velocity computed from
continuity considerations. In the following equation based on one-
dimensional flow eguations, g1l quantities are known except the stagnation
pressure pz':

2 T+1

W /Tz' _P5‘ P3>?‘ P3>—T_ <2T)<§)
e a(a) -(Gr) (R

The area A3 i1s the snnulus area at the rotor exit. The measured static

pressure at the rotor exit was taken as the megn of the gveraged inner
and averaged outer wall-tep values. The stagnation temperature Tz' was

taken equal to T,'. This method of computing the exit stagnation pres-
4

sure yields a low value because any energy evailable from the tangentigl
component of the velocity is neglected. Hence, the value of 17 8o

determined is conservative. RSy Tt
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All turbine performance-dasta were reduced to NACA sea-level standsrd
conditions at the turbine entrance. The performance was expressed in
terms of the following parameters:

(1) Brake internal efficiency, ny
(2) Stagnation pressure ratio, py'/pz'
(3) Equivalent turbine shaft work, E/Gl

(4) Ratio of blade speed to design blade speed, UfUgqq

U, w ,/6
(5) Equivalent weight-flow parameter, < m )( . 1)

Je/\ 81

The coefficient of aerodynamic loading, as deflned In reference 1,

is

¥ o= 514 B,

1
o

RESULTS AND DISCUSSION

Over-gll performence of the 44-blade-rotor turbine 1s presented in
figure 4(a) in the form of a composite map of turbine parameters. On
this map equivalent turblne shaft work is plotted with the equivalent
welght-flow parasmeter; the ratio of blade speed to design blade speed
and stagnation pressure ratlo are shown as parameters together with
contours of brake internal efficiency.

On the performance-map the design point, corresponding to an equi-
valent work output of 16.14 Btu per pound and equilvalent mean blade speed
of 625 feet per second, is indicated by a circle. The value of the breke
internal efficiency at the design point is 0.89. The stagnation pressure
ratio at the design point is 1.74, which is lower than the deslgn value
of 1.751 because of the fact that the brgke Internal efficiency was
higher than the design value. The experimental wvalue of the equivalent
weight flow waes 17.2 pounds per second, which was 3.6 percent higher than
the design value.

In figures 4(b), 4(c), and 4(d) are presented the performance maps
for the 64-, 32-, and 24-blade-rotor turbines, respectively. On the
performance plot for each configuration the design point, indicated by a
clrcle, corresponds to design work ocutput and design equivalent mean

2497
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blade speed. For the 64- and 32-blade-rotor turbines, it can be noted
that the design point lies close to the region of maximum breke internsl
efficiency. For the 24-blade-rotor turbine (fig. 4(d)) the maximum
stagnation pressure ratio investigated was less than the design value.

A choking condltion in the snnulius downstream of the turbine rotor limited
the meximum staghation pressure ratio attainable experimentally. The
general trend of the efficiency contours is the same for each of the
four blading solidlties. The values of brake internal efficlency at the
design polints can be seen from this figure to vary with solidity. Fig-
ure 4(a) shows that the 44-blaede-rotor turbine yielded the highest value
of brgke interngl efficiency et the design point.

The performance parsmeters gt the design points are summarized as
follows::

Number | o |w/67 | 7y [Py’

of ) ot

blades 1 3
64 2.27 [15.7 0.87 ] 1.79
44 1.56 j17.2 .89 1.74
32 1.14 [18.0 .89 | 1.76
24 .85 ]18.5 86| ~e-=

The maximum brake internal efficlencies obtainsble for each stagna-
tion pressure ratic investigated ere compared for the four turbine soli-
dities in figure 5. This figure shows that the 44-blade-rotor configu-
retion hes s higher value of maximum brgke internal efficiency than the
other configurestions over most of the range of stagnation pressure ratios
investigated. The maximum breke Internal efficlency obtainable is 0.895
and it occurs at a stagnation pressure ratio of 1.81. Above stagnation
pressure ratlos of gbout 1.7, the curve for the 64-bliade rotor differs
from the other three in that the rate at which maximum breke internal
efficiency falls off 1s much less.

In figure 6(a) is shown the veriation of mexirum brake internsl
efficiency with soclidity st e stagnastion pressure ratio of 1.78, the
approximete average design stagnation pressure ratlio of the four configu-
rations. This plot shows that for solidities from sbout 1.1 up to 2.0,
for this turbine, & relatively flet curve of maximum brake Internsl
efficiency is realized. The optimum solidity for this turbine is approxi-
mately 1.5. These data alsc show that the variation in the msximum obtain-
able breke interngl efficiency at this stagnation pressure ratioc was about
0.03 over the range of solidities investigated. A 45-percent reduction
in the mumber of rotor blades, from 44 to 24, resulted in & 0.03 drop in
maximum brgke internal efficiency; a 45-percent increase in the numbexr
of rotor blades, from 44 to 64, resulted in a 0.02 drop in meximum brake

internal efficlency.
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The method for determlining optlmum solldity presented 1n reference 1
is based on two-dimensiongl incompressible flow spplied to rows of blades
in a two-dimensional cascade. This reference concludes that the coeffi-
cient of 1ift referred to the mean. velocity of the gas flow through a
cascade 1s unsultable as & criterion for calculating the optimm solidity
because of the large varigtion of this coefficient with the exit gas
angle from the blade row. Introduced in this reference is a "coefficient
of gerodynamic loading", which is a coefficilent of 1lift expressed as the
ratio of the tangential component of the 1ift to the exit dynamic head.
An optimm value of 0.80 for this coefficlent is suggested in this refer-
ence, Experimental cascade data have indicated that this value 1s nearly
constant over a wide range of air inlet and exit angles., The method of
reference 1 was appllied to determine the optimum solidity of the 44-blade-
rotor configuration by using the design angles at the mean section. The
resulting value of optimum solidity was 1.30, which falls upon the rela-
tively flat portion of the curve (fig. 6(a)).

The desirability of operating at optimm values of lift-drag ratilo
is explained in reference 2. The coefficient of 1lift expressed as a
ratio of 1ift to the exit dynamic head is related to solidity for optimum
performence. The optimum solidity determined by this method with the eid
of the mean design angles of the 44-blade-rotor configuration was 0.91;
this value is plotted on the curve of figure 6(a).

The criterion for optimum solidity in reference 3 is minimum blade
profile loss., Profile-loss coefficients cobtalned from two-dimensional
cascade studies of nozzle-type blades and impulse blades for varying
golidity are presented. In thils reference, nozzle-type blades are
defined as blades set with zero inlet-blade angle; Impulse blades are
defined as those such that the inlet-blade angle 1s equal to the exit-ailr
angle, For blades Ihtermediate between nozzle-~-type and impulse, emplricsal
rules sre given for approximating the profllie-loss coefficient. The
report indicates that the optimum solidity based on these results differs
considerably from the optimum values presented in references 1 and 2 over
a wide range of blade angle. An optimm value of solidity was determined
by the method of reference 3, again by the use of the mean deslign angles
of the 44-blade-rotor configuration. An optimum mean solidity of 0.96
was determined by this method, and the value 18 plotted on the curve in
figure 6(a). Thus, the methods of references 2 and 3 yield spproximately
the same value of optimum solidity for this design. This value corre-
sponds to an experimental efficiency of sbout 0.02 less than that associ-
ated with the optimum value of solidity calculated by the method of

reference 1.

In figure 6(b) meximum brake internsl efficilency is plotted asgainst
the coefficlient of aerodynsmic loading ¥ Iintroduced in reference 1.
This figure indicates that considerable leeway may be possible in the
cholce of an optimum value for the coefficlent of aerodynamic loading;
values of this coefficient from about 0.55 to 1.00 result in calculated

2497
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values of solidity assoclated with the f£lat, high-efficiency portion of
the curve., A value of 0.75 1s shown by 'bhis figure to be optimum for the
turbine of the present Ilnvestigatlon.

SUMMARY OF RESULTS

The over-all performance of a conservatively designed turbine
sultgble for the last stage of g multistage turbine was determined. The
turbine was investigated at four rotor solldities in order to determine
the effect of solidity upon the over-all performance. The rotor-blade
configurations comnsisted of 64, 44, 32, and 24 blades; the blades of all
four configurations were identical. The following are the results
obtained.:

1. The 44-blsde-rotor turbine ylelded the highest efficiency over
most of the range of investigatlion. The value of the maximm brake
interngl efficiency was 0.835. The efficiency at the design point was
0.89.

2. A relastively flat curve of maximm brake internal efficiency was
found over most of the range of solidities investigated. A value of
solidity of spproximately 1.5 was found to be optimum for this turbinre.

A 45-percent reduction in the mumber of rotor bledes, from 44 to 24,
resulted in a decrease in meximum breke internal efficiency of 0.03. A
45-percent increase in the mumber of rotor blades, from 44 to 64, resulied
in a decresse in maximum brake internal efficlency of 0.02.

3. A value for the coefficient of sercdynamic loading of approxi-
mately 0.75 was found to be optimum for this turbine. Values of the
coefficient of aerodynamic loading from 0.55 to 1.00 resulted in less
than a 0.0l drop from the maximum efficiency obtainasble experimentally.

Lewils Flight Propulsion lLaboratory
Natlonal Advisory Committee for Aeronautilcs
Cleveland, Chio
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TABIE I - DESIGN VELOCITY COMPONENTE AND FLOW ANGIES FOR 64-, 44-,

32-, AND 24-BLADE-ROTOR CONFIGRIRATIONS

Velocity Fumber of rotor blades
mﬂim::n“ 64 “° 52 24
Section
Mean Hub Mean Tip Mean Mean
<l> 0.614| o0.481| o0.614] o0.768| o0.614] o0.614
a’CI' 2
8 Va
= .656 .845 .65¢ .508 .649 .685
T Fer/e
(L) .760 .939 156 .650 182 .803
A Sex/
v
7 (L) 384 .407 407 407 435 .465
Bor /o
° (—“-—)z .356 .561 .407 .482 .457 466
Bor
R ¥
(a—.,) .401 .589 .422 .490 453 484
er iz
ag 50.4° | 25.7° | 32.7° | 38.7° | 33.8° | 35.4°
B 85.7° | 46.5° | 87.2° |122.5° | 85.4° | 85.0°
(1)3 0.660 | o0.493| o.658| o0.822{ 0.659| 0.660
&u. .
¥,
(L) o o} Q 0 0 0
R Ber /3
v
o ( acr)s 556 590 590 590 708
vx
T (;— .556 .580 .580 .590 .646 .708
er /y
0 ..
(l) .862 .769 .884| 1.012 .23 .968
R Sor s
l,,) .833 .754 .854 .960 .892 .935
Bor =
o 90.0° | 90.0° | 90.0° | 90.0° | ©0.0° | 90.0°
Bz | 139.9° |129.8° [138.1° | 144.3° | 135.6° }133.0°
Bz-By 56.1° | 83.4° | 51.0° | 21.8° | 50.1° | 48.0°
- 0.50 0.6 0.62 0.67
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.1 .028 115 1 .026 .108 1 .023 104
.2 045 160 .2 044 150 .2 040 .141
o <122 251 - 106 . 247 4 .103 +230
.8 «2A3 .392 .8 214 .365 .6 214 340
.8 .418 .555 .8 .382 .508 .8 361 482
1.0 .683 775 1.0 .630 897 1.0 614 .663
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(2) Stator vlade, W

Figure 1. - Blade~saction profiles and coordinmtes for 44-blade-rotor-turbine configuration.
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0 0.735 0.73% (4] 0.397 0.397 0 0.195 0.105 ’
.1 .616 .725 .1 362 .451 .1 114 215
2 .549 .687 .2 +359 486 2 .164 288
3 .5l2 .B61 ] 372 .521 .3 .230 377
5 .489 .657 5 448 .59 .5 .588 541
o7 .516 654 o7 .546 690 o7 574 . 713
.9 594 701 -9 7082 .808 .9 .801 .900
l.10 . 728 . 789 1.1 .902 .981 1.1 1.056 1.110
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{b) Rotor blade. W
Flgure 1. - Concluded. Blade-pecticn profiles and aoordinates for 44-blade-rotor-turblne conflguration.
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Figure 4. - Over-all turbine performance.
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Maximmm dbrake internal efficilency, Tt ,max

Turbine stagnation pressure ratio, p;'/ps’

Figure 5. - Maximm brake internal efficlency cbtaineble at each stagnatlon pressure ratio.
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Figure 6. - Maximm brake internal efficlency obtaineble at 1.78 stagnation
pressure ratilo.
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